Abstract The aim of this work was to study the activity of several alkylimidazolium salts of bis(trifluoromethylsulfonyl)imides to obtain a very fast vulcanization of the butadiene-styrene (SBR) elastomer. Ionic liquids (ILs) such as alkylimidazolium salts with ethyl-, propyl-, butyl-, hexyl-, decyl-, dodecyl-, and hexadecyl chains in the cation together with nanosized zinc oxide are used to develop elastomer composites with very short vulcanization time and a reduced amount of vulcanization activator. In this article, we discuss the effect of the ILs with respect to the length of alkyl chain in their cation on the vulcanization kinetics of rubber compounds. The influence of ILs on the crosslink density as well as the mechanical properties of the vulcanizates and their resistance to thermo-oxidative and UV aging were also studied. ILs resulted in a shortened optimal vulcanization time and reduced the onset vulcanization temperature compared to zinc oxide containing rubber compound. This is very important from a technological point of view. A considerable increase in the crosslink density of vulcanizates was also observed.
Introduction
ILs are defined as organic salts with melting points below 100°C [1] , which consist of organic cation and organic or inorganic anion. The large size and conformational flexibility of the ILs ions lead to small lattice enthalpies and large entropy changes [2, 3] . Therefore, the liquid state of ILs is thermodynamically favorable. The most frequently used IL cations are alkylammonium, dialkylimidazolium and N-alkylpyridinium [4] . The anions used in ILs range from inorganic anions such as halides, tetrafluoroborates, hexafluorophosphates to large organic anions such as methane sulfonate and bis(trifluoromethylsulfonyl)imides [5, 6] . Owing to their unique properties such as thermal, chemical, and electrochemical stability, low vapor pressure, and high ionic conductivity, ILs have attracted much attention for applications in polymer science [1, 7, 8] , particularly toward developing conducting polymer composites. ILs have excellent ionic conductivity up to their decomposition temperature, which enables them to play an important role in electrolyte matrices [6, 9, 10] . Recently, ILs have been widely used to improve the degree of dispersion of nanoparticles in polymers, particularly in elastomers [11] [12] [13] . For example, 1-allyl-3-methylimidazolium chloride (AMICl) was applied to improve the dispersion of carbon black particles in elastomers. Attractive interactions between the carbon black surface and AMICl have been demonstrated, which resulted from the interaction of p-electrons of graphitic structures at the carbon black surface with the cations of AMICl [13] . ILs have also been reported to improve the dispersion of silica and clays [14, 15] . For example, 1-methylimidazolium methacrylate (MimMa) was used to modify the silica surface to increase the interfacial interactions between filler and SBR. Hydrogen bonding between silica particles and the ionic unit of MimMa were confirmed [11] . Moreover, the graft copolymerization of MimMa onto elastomer chains during the vulcanization process was responsible for the reactivity of ionic liquid towards SBR.
ILs have been commonly applied to enhance the interactions between polymers and carbon nanotubes. For example, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BmiTFSI) was used to develop conducting composite of multi-walled carbon nanotubes (MWCNTs) and polychloroprene rubber [12, 16] . The cation-p interactions between the BmiTFSI and tubes resulted in uniform dispersion of MWCNTs and the formation of their percolating network, which significantly increased the conductivity of the rubber composite. Similar results were achieved for a blend of carbon nanotubes in a solution-SBR and polybutadiene rubber [17] . The best activity was exhibited by AMICl-the ionic liquid with a double bond in the cation. It was suggested that the double bond in the ionic liquid molecules was chemically linked by sulfur bridges with double bonds of the diene rubber. Moreover, in the presence of AMICl, the nanotubes strongly adhered to the rubber phase and formed a special type of bound rubber aggregation.
The development of an intrinsically self-healable material based on 1-butyl imidazole (BIM)-modified bromobutyl rubber (BIIR)/natural rubber (NR) blends filled with carbon nanotubes (CNTs) was also reported [18] . The use of BIM as physical crosslinker for the BIIR phase allowed to obtain the non-covalent bondings in the blend composites, which were responsible for their self-healing properties.
Tang et al. [19] used octadecyltriphenylphosphonium iodide IL as a novel catalyst for the silanization reaction between silica and bis(3-triethoxysilylpropyl)-tetrasulfide (TESPT) in the silica-filled SBR elastomer. IL reacted with silanol groups on the silica surface to yield more nucleophilic silanolate anions, which promoted the condensation reaction with ethoxy groups of TESPT and consequently increased the extent of silanization. As a result, the dispersion of silica in the SBR and the interfacial interaction between silica and rubber chains were improved.
Behera et al. [20] fabricated a novel IL-crosslinked flexible polyurethane elastomer using one-pot polymerization method. Tris(2-hydroxyethyl)methylammonium methylsulfate was used as crosslinker. As a result a highly flexible and tough elastomer material was achieved with much lower glass transition temperature than the linear thermoplastic polyurethane elastomer (TPU). Moreover, ILcrosslinked polyurethane elastomer exhibited significantly higher tensile strength, elongation at break and lower hardness, as compared to conventional TPU.
In the past few years, ILs have also been employed as solvents for various types of polymerization [21] [22] [23] , to dissolve polymers (cellulose [24] , silk fibroin [25] , starch [26] ) or as plasticizers for different polymers [27, 28] .
Considering the wide applications of ILs in polymer science and also in elastomer composites, in this work, we intended to apply alkylimidazolium salts of bis(trifluoromethylsulfonyl)imides to improve the dispersion of curatives and carbon black particles in the SBR elastomer. Moreover, because of the catalytic activity during interfacial reactions [1, 5] , ILs are expected to act as coagents in sulfur vulcanization of SBR, increasing the rate and efficiency of curing. According to the commonly reported vulcanization mechanism, accelerator particles, sulfur and fatty acids diffuse through the elastomer matrix and are adsorbed onto the surface of the vulcanization activator (zinc oxide), forming intermediate reactive complexes and the active sulfurating agent, which takes part in further crosslinking reactions. Due to the limited solubility of these complexes in the rubber, it is assumed that crosslinking reactions occur at the interface between the curatives and the rubber chains and can be catalyzed by the phase transfer catalysts [29] . As a result, the improvement in the crosslink density and mechanical properties of vulcanizates as well as the reduction of vulcanization time and temperature could be achieved.
Experimental
Materials SBR elastomer (KER 1500) containing 22-25 wt% styrene was obtained from Synthos S.A., Oswiecim (Poland). Its Mooney viscosity was ML1?4 (100°C): 46-54. It was vulcanized with sulfur (Siarkopol, Tarnobrzeg, Poland) with microsized zinc oxide as the standard activator (M-ZnO, Huta Bedzin, Poland). 2-mercaptobenzothiazole (Sigma-Aldrich, Schnelldorf, Germany) and N-cyclohexyl-2-benzothiazolesulfenamide (Alfa Aesar, Lancashire, United Kingdom) were applied as accelerators. To reduce the amount of zinc ions in the rubber compounds, nanosized zinc oxide (N-ZnO) with a specific surface area of 42.5 m 2 /g and an average particle size of 234 nm (Qinetiq Nanomaterials Limited, Hampshire, United Kingdom) was used as an alternative to standard microsized ZnO. Ionic liquids were applied as vulcanization coagents to increase the efficiency and reduce the time of vulcanization. ILs given in Table 1 were provided by IoLiTec Ionic Liquids Technologies GmbH, Heilbronn, Germany. Carbon black N550 was used as a filler.
Preparation and characterization of rubber compounds
Rubber compounds with the formulations given in Table 2 were prepared using a laboratory two-roll mill. The samples were cured at 160°C until they developed a 90% increase in torque (G), as measured by a rotational rotorless rheometer D-RPA 3000 (MonTech, Buchen, Germany). The kinetics of rubber compound vulcanization was studied using a DSC1 (Mettler Toledo, Greifensee, Switzerland) analyzer by decreasing the temperature from 25 to -100°C at a rate of 10°C/min and then heating to 250°C at the same rate.
The crosslink densities (m e ) of the vulcanizates were determined by their equilibrium swelling in toluene, based on the Flory-Rehner equation [30] . The Huggins parameter of the SBR-solvent interaction (v) was calculated from the Eq. (1) [31] , where V r is the volume fraction of elastomer in the swollen gel.
The tensile properties of the vulcanizates were measured according to the ISO-37 standard procedures using a ZWICK 1435 (Zwick, Ulm, Germany) universal machine.
Dynamic-mechanical analysis (DMA)
DMA measurements were performed in tension mode using a DMA/SDTA861 e analyzer (Mettler Toledo, Greifensee, Switzerland). Measurements of the dynamic 
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Carbon black 30 30 30 moduli were carried out over the temperature range of -80-50°C with a heating rate of 3°C/min, a frequency of 1 Hz, and a strain amplitude of 0.05%. The temperature of the elastomer glass transition was determined from the maximum of tan d = f(T) curve, where tan d is the loss factor and T is the measurement temperature.
Thermo-oxidative and UV aging
The thermo-oxidative aging of the vulcanizates was performed at a temperature of 100°C for 240 h. The UV degradation of the vulcanizates was carried out for 120 h using a UV 2000 (Atlas) machine in two alternating segments: a day segment (irradiation 0.7 W/m 2 , temperature 60°C, time 8 h) and a night segment (temperature 50°C, time 4 h).
To estimate the resistance of the material to aging, their mechanical properties and crosslink densities after aging were determined and compared with the values obtained for the vulcanizates before the aging process. The aging factor (S) was calculated as the change in the deformation energy of the samples upon aging (Eq. 2) [32] , where TS is the tensile strength of the vulcanizates and EB is the elongation at break:
Scanning electron microscopy (SEM)
The degree of dispersion of curatives and filler particle in the elastomer matrix was estimated using scanning electron microscopy with a LEO 1530 SEM. The vulcanizates were broken down in liquid nitrogen, and the surfaces of the vulcanizate fractures were examined. Prior to the measurements, the samples were coated with carbon.
Results and discussion
Dispersion degree of curatives and filler particles in the SBR SEM images were taken to estimate the dispersion degree of curatives and filler particles in the elastomer in the presence of ILs (Figs. 1, 2, 3, 4) . The degree of dispersion of curatives, especially zinc oxide particles in the elastomer matrix, is very important to the activation of sulfur vulcanization. Homogeneous dispersion provides better contact between particles of the activator and other components of the crosslinking system. It enhances the efficiency of vulcanization. The curatives and filler particles are not homogeneously dispersed in the elastomer. Microsized agglomerates consisting of nanosized primary particles could be seen in the SEM image (Fig. 1) . ILs improved the dispersibility of solids in the SBR, preventing particles of curatives and carbon black from agglomeration (Figs. 2, 3, 4) . This could be due to the interactions between functional groups present on the carbon black surface and ionic liquids similar to those observed for BmiTFSI and carbon nanotubes [10] .
Curing characteristics and the crosslink density of SBR vulcanizates
As was confirmed, ILs improved the degree of dispersion of the curative particles in the elastomer matrix. Therefore, they should affect the vulcanization efficiency of SBR compounds. Moreover, ILs are considered to catalyze the interface reactions, whereas crosslinking reactions proceed at the interface between the elastomer and curatives. The influence of the ILs on the vulcanization process was estimated based on rheometer measurements. The cure characteristics of SBR compounds and crosslink densities of vulcanizates are given in Table 3 .
The N-ZnO used alternatively to M-ZnO seems to be very effective in the activation of elastomer vulcanization. Despite its amount in the rubber compound being 60% lower than that of M-ZnO, it increased the crosslink density of the Moreover, ILs considerably increased the crosslinks density of vulcanizates. This confirms that ILs act as catalysts of interface crosslinking reactions. The improvement of curative dispersion, especially zinc oxide, in the elastomer could also contribute to a reduction of rubber compound vulcanization times and an increase of crosslink density. Moreover, as postulated for stearic acid, ILs can improve the solubility of the active sulfurating agent that is formed during vulcanization process in the elastomer [29] . As a result, the crosslinking rate and degree increase. Generally, a silane coupling agent is used to increase the interaction between the nonpolar elastomer and the highly polar silica used as filler. In this case, ILs can adsorb on the filler surface, as postulated in the literature [11] and increase the interphase interactions between the elastomer and filler. It is known that during vulcanization, accelerators adsorb on the filler's surface, decreasing the efficiency of vulcanization. Therefore, the increase in vulcanization efficiency in the presence of ILs can be attributed not only to the aforementioned factors, such as catalytic activity and the improved curatives dispersibility in the elastomer, but also to the adsorption of ILs on the filler's surface, which reduces the ability to adsorb curatives and water. The length of alkyl chains in the imidazolium cation of ILs had no significant effect on their activity in the crosslinking process. The torque increment DG during vulcanization of rubber compounds containing ILs as well as the crosslink density of vulcanizates were similar.
In the next step of the study, the influence of ILs on the temperature and enthalpy of vulcanization was determined using DSC analysis. The results for SBR compounds are given in Table 4 . The vulcanization of SBR is an exothermic process that proceeds in a temperature range of 169-212°C, with an enthalpy of 8 J/g. N-ZnO decreased the vulcanization onset temperature by 11°C and the enthalpy of vulcanization by 4 J/g compared to rubber compound with microsized activator. It is worth noting that ILs caused a further decrease in the vulcanization onset temperature to the range of 144°C (EmiTFSI) and 149°C (DmiTFSI). This is important for technological reasons because application of ILs allows the SBR to be cured at temperatures lower than the commonly used 160°C. ILs did not influence significantly the enthalpy of vulcanization compared to rubber compound containing N-ZnO. The influence of the ILs structure on the vulcanization temperature or enthalpy was not observed.
Mechanical properties of SBR vulcanizates
As confirmed by SEM images, applying the ILs allowed a homogeneous dispersion of the curatives and carbon black particles in the elastomer, and therefore we expected improved mechanical properties of the vulcanizates, such as the tensile strength. The mechanical properties of the SBR vulcanizates filled with carbon black were studied under static and dynamic conditions. The results of the tensile tests are presented in Table 5 .
The TS of SBR crosslinked with M-ZnO was 20.1 MPa, and an EB was approximately 777%. N-ZnO increased the TS of vulcanizate by 2 MPa, whereas the EB did not considerably change. ILs caused a considerable increase in the modulus at a 300% relative elongation of the vulcanizates and reduced the EB by more than 100%. This resulted from the significant increase in the crosslink density of vulcanizates. The lowest EB (about 570%) was achieved for vulcanizate containing HdmiTFSI, which exhibited the highest crosslink density. Despite the improvement of filler dispersion in the SBR elastomer, ILs had no positive effect on the TS. Only vulcanizate containing DmiTFSI exhibited TS similar to the reference sample with N-ZnO. Other ILs, especially with long alkyl chains in the imidazolium cation (DomiTFSI, HdmiTFSI), deteriorated the TS of vulcanizates. This effect was Dynamic mechanical properties are important for the technological application of rubber products, which very often work in the conditions of variable stress and strain. The influence of ILs on the loss factor (tan d) was determined with DMA. The loss factor is a measure of the material's ability to dampen vibration. In Fig. 5 , a plot of tan d as a function of temperature for the vulcanizates containing ILs is presented, and the data are also shown in Table 6 .
The maximum of tan d in the DMA curve represents the glass transition temperature T g of SBR, which was approximately -41.6°C. Applying N-ZnO and ILs had no considerable influence on the T g of elastomer. Regarding the loss factor, ILs increased the value of tan d at T g but had no significant effect on tan d at 25 or 50°C. Considering the magnitude of the change in the value of the loss factor, it can be concluded that the use of ILs had no significant effect on the vibration damping ability of vulcanizates at usage temperatures. In addition, vulcanizates exhibited stable dynamic properties at the temperatures studied.
Aging resistance of SBR vulcanizates
Considering technical applications of rubber products based on the SBR, aging resistance is their most important property. Therefore, ILs used to increase the efficiency of sulfur vulcanization of SBR should not deteriorate aging resistance. The effect of N-ZnO and ILs on vulcanizate resistance to UV and thermooxidative aging was examined through the change in their mechanical properties and crosslink density.
In Fig. 6 , the change in EB upon aging is given for SBR vulcanizates. The aging process had a considerable impact on the EB of vulcanizates, causing it to decrease by approximately 200-300% for UV aging and 300-500% for thermo-oxidative aging. These changes were caused by large increases in the crosslink density of the vulcanizates, especially evident for thermo-oxidative aging (Fig. 7) . Owing to the considerable changes in the crosslink density of SBR vulcanizates, the aging process deteriorated their TS. The smallest change in TS was achieved for vulcanizates containing long alkyl chain ILs, such as: HmiTFSI, DomiTFSI and HdmiTFSI (Fig. 8) .
To quantitatively estimate the change in the mechanical properties of vulcanizates due to aging, the aging factor S was calculated (Fig. 9) as a measurement of the changes in the sample deformation energy caused by the aging process. Values of the S-factor that are closer to 1 indicate smaller changes in the mechanical properties of the vulcanizates due to the aging process.
The S factor for vulcanizate containing M-ZnO without ILs is 0.51 (UV aging) and 0.38 (thermo-oxidative aging). It can be concluded that the SBR vulcanizates are characterized by a susceptibility to degradation under prolonged exposure to elevated temperatures. The application of N-ZnO slightly reduced the aging resistance of SBR, especially in the case of UV radiation (Fig. 9) . This is probably due to the higher ability of N-ZnO to absorb UV radiation [33] . ILs improved the SBR resistance to UV aging but did not significantly improve the resistance of SBR to thermo-oxidative aging. The highest values of S UV were observed for the vulcanizates containing HmiTFSI and HdmiTFSI, which were 0.58 and 0.61, respectively. These ILs provided the best protection for SBR against UV aging. 
Conclusions
Alkylimidazolium salts with TFSI anion considerably improved the degree of dispersion of curatives and carbon black particles in SBR. It can be concluded that ILs reduced the intermolecular interactions between particles of carbon black and reduced their tendency for agglomeration in the elastomer. Applying N-ZnO allowed for a reduction in the amount of zinc ions by 60% compared to commonly used M-ZnO. ILs resulted in a shortened optimal vulcanization time and reduced the onset vulcanization temperature by 10-15°C compared to N-ZnO and by 20-25°C when compared with M-ZnO containing rubber compound. This is very important from a technological point of view. A considerable increase in the crosslink density of vulcanizates was also observed. Despite the reduced amount of zinc oxide, SBR composites containing most ILs exhibited tensile strengths comparable to the standard vulcanizate crosslinked with the microsized activator. The positive effect of ILs on the vulcanization kinetics and crosslink densities of the vulcanizates results from the improved dispersion degree of curative particles in the elastomer, especially zinc oxide. This feature leads to better contact between the vulcanization activator particles and other components of the crosslinking system. Equally important is the catalytic action of ILs in the interfacial crosslinking reactions.
ILs did not increase the resistance of SBR to thermo-oxidative aging. Regarding the resistance of the vulcanizates to UV aging, some improvement was achieved for HmiTFSI and HdmiTFSI.
